Infection of mice with
Salmonella infections are still a serious health problem worldwide. Infection of mice with Salmonella enterica serovar Typhimurium results in a systemic infection that closely resembles human typhoid fever caused by the related S. enterica serovar Typhi (12, 40) . Infection of mice with S. enterica serovar Typhimurium therefore is a widely accepted and valuable model for human typhoid fever.
After oral uptake, S. enterica serovar Typhimurium crosses the intestinal epithelium and spreads to the spleen and liver, where the bacteria replicate. Bacterial growth in mice is controlled by the Slc11a1 (formerly Nramp1) gene (67) . The expression of functional SLC11A1 molecules in phagocytes is a critical component during the early phase of an anti-Salmonella response, since mouse strains with a natural mutation of Slc11a1 fail to adequately restrain the initial multiplication of S. enterica serovar Typhimurium (67) . Other T-cell-independent mechanisms, such as tumor necrosis factor alpha, interleukin 12 (IL-12), IL-18, gamma interferon (IFN-␥), and nitric oxide production, also are involved in the early phase of resistance to infection (25, 30, 42, 43, 46, 62, 65) .
In a primary infection, the clearance of Salmonella from infected tissues is controlled by the acquisition of T-cell-specific immunity. Conversely, both T and B lymphocytes are involved in protection against a secondary infection. However, the exact function and the relative importance of B-and T-cellmediated immunity in this process are still a matter of debate (12, 40) . Data are available showing that antibodies or T cells alone can confer only a moderate level of protection against salmonellosis. Passive transfer of immune serum or B cells alone can protect innately resistant mice against virulent salmonellae or susceptible mice against moderately virulent organisms (6, 14, 26) . Additionally, adoptive transfer of immune T cells can protect mice against infection with very low doses of virulent salmonellae or against infection with moderately virulent organisms (21) . In contrast, adoptive transfer of both immune serum and T cells can protect innately susceptible mice against highly virulent salmonellae (45), indicating that both humoral immunity and cell-mediated immunity are required for resistance to virulent salmonellae in Slc11a1 s animals.
In addition to antibody production, B cells display a wide range of other functions in the immune system, including antigen presentation and cytokine production (22, 54) . The use of attenuated bacteria (29) allows analysis of the immune response against S. enterica serovar Typhimurium in susceptible mice, particularly of the Slc11a1 s background. Recent reports indicated that gene-targeted B-cell-deficient mice displayed increased susceptibility to infection by some agents but not by others (3, 28, 33, 35, 47, 69) . In the murine model of Salmonella infection, it was shown that B-cell-deficient mice could control and clear a primary infection (44, 53) . In spite of this finding, mice were unable to mount long-lasting, antigen-specific Th1 protective T-cell immunity. However, it is unclear from these reports whether T-cell immunity to Salmonella is initiated normally but the memory response is defective in the absence of B cells or whether B cells are needed for both the initiation and the maintenance of functional T-cell responses.
The role of B cells in the establishment (4, 37) and/or per-sistence (1, 5, 66 ) of a stable T-cell memory pool is still debatable. Since the extent of T-cell expansion during a primary response may have an impact on the development of a persistent memory population, we wondered whether B cells play an essential role in the development of T-cell responses in Salmonella infection. It has long been considered that B cells play an important, although not obligatory, role as antigen-presenting cells (APC) in priming T-cell responses. Mamula and Janeway (41) suggested that helper T-cell-activated B cells can express the necessary costimulatory signals for naive T-cell activation, thereby initiating a positive feedback loop and diversifying the immune response. Although primary CD4 ϩ -Tcell responses can develop in mice that lack B cells (15, 63) , the depletion of B cells from normal mice can reduce the magnitude of the responses, implying that B cells may contribute to the level of T-cell priming (24, 31, 34, 55) . Furthermore, studies confirming that antigen-bearing B cells induce naive CD4
ϩ -T-cell proliferation in vivo (8, 64) as well as studies of the progressive migration of subsets of cells within lymphoid tissues during the CD4 ϩ -T-cell response to antigen suggest that precisely regulated interactions with APC influence the magnitude of the immune response (18, 56, 64) .
In the present study, we analyzed the development of the protective Th1 T-cell response in Salmonella infection in Bcell-deficient mice. We further investigated the antigen presentation ability of naive versus antigen-experienced B cells as well as the efficiencies of different APC populations isolated from C57BL/6 and Igh-6 Ϫ/Ϫ mice in presenting bacterial antigens to T cells. Our experiments established that Th1 T-cell responses are impaired from the early stage of Salmonella infection, implying that B cells play an essential role in the initiation of T-cell-mediated protection against this bacterium.
MATERIALS AND METHODS
Animals. C57BL/6 mice were purchased from Harlan Olac Ltd. (Bicester, United Kingdom). B-cell-deficient mice with a C57BL/6 background and homozygous for a targeted mutation in the gene for immunoglobulin heavy chain 6 (Igh-6) that disrupts the immunoglobulin -chain gene (32) were bred at the Clinical Veterinary Medicine Animal Unit, Cambridge, United Kingdom. Initial breeding mice were from either Jackson Laboratory (Bar Harbor, Maine) or K. Rajewsky (Boston, Mass.). Age-matched groups of mice were used when they were more than 8 weeks old.
Bacteria and infections. S. enterica serovar Typhimurium SL3261 is an aroA attenuated live vaccine strain with an intravenous (i.v.) 50% lethal dose (LD 50 ) for C57BL/6 mice of 10 7 CFU (27) . S. enterica serovar Typhimurium C5 is a virulent strain (30) with an i.v. LD 50 of Ͻ10 CFU and an oral LD 50 of approximately 10 6 CFU for C57BL/6 mice. S. enterica serovar Typhimurium SL3261-GFP was constructed by electroporation of pGFP into S. enterica serovar Typhimurium SL3261. pGFP was a gift from A. Papaconstantinopoulou (Imperial College, London, United Kingdom) and contains the gene for the fluorescenceactivated cell sorting (FACS)-optimized mutant of green fluorescent protein (GFP) (9) expressed from the lacZ promoter in a pUC19-derived plasmid. S. enterica serovar Typhimurium SL3261-GFP was grown in the presence of ampicillin (100 g/ml; Sigma, Poole, United Kingdom).
For i.v. inoculation, S. enterica serovar Typhimurium strain SL3261 was grown overnight at 37°C as a stationary culture in Luria-Bertani (LB) broth (Difco, West Molesey, United Kingdom). Aliquots were snap-frozen and stored in liquid nitrogen. The inoculum was diluted in phosphate-buffered saline (PBS), and 8-week-old mice were immunized with 5 ϫ 10 5 SL3261 bacteria injected into a lateral tail vein. The number of viable bacteria in the inoculum was checked by pour plating on LB agar plates.
Antibodies, tissue culture reagents, and cell lines. Mouse monoclonal antibodies (MAbs) to CD16/CD32 (purified), T-cell receptor ␣␤ (TCR␣␤), CD3, CD4, CD8, CD19, CD11b, CD11c, CD69, CD80, CD86, CD40, IA/IE, IFN-␥, and IL-4, isotype controls, and other reagents used for flow cytometry and intracellular cytokine staining (ICCS) were purchased from BD PharMingen (Cowley, United Kingdom). Unless otherwise stated, antibodies were directly conjugated to fluorescein isothiocyanate, phycoerthythrin, or Cy-Chrome. Purified and biotinylated anti-IFN-␥ antibodies (R4-6A2 and XMG1.2, respectively) and purified and biotinylated anti-IL-4 antibodies (11B11 and BVD6-24G2, respectively) were used for and ELISPOT techniques. The following reagents were used for tissue culturing: phorbol myristate acetate (PMA) (5 ng/ml; Sigma), ionomycin (1.25 M; Sigma), cytochalasin D (10 g/ml; Sigma), mitomycin C (25 g/ml; Sigma), and anti-CD28 (1 g/ml). All cells were cultured in RF10 complete medium, consisting of RPMI 1640 (Sigma) supplemented with 10% fetal bovine serum (Sigma), 2 mM glutamine (Sigma), and 0.05 mM 2-mercaptoethanol (Sigma). L929, a granulocyte-macrophage colony-stimulating factor-producing cell line, was purchased from the American Type Culture Collection, Manassas, Va. (catalog no. CRL-2148). The X63-Ag8 cell line used to produce supernatants for culturing bone marrow-derived dendritic cells (BMDC) was kindly provided by A. Knight (Institute for Cell, Animal and Population Biology, University of Edinburgh, Edinburgh, United Kingdom). CD4 ϩ T cells and CD19 ϩ B cells were positively enriched with magnetic bead-conjugated antibodies as instructed by the manufacturer (Miltenyi Biotec, Camberley, United Kingdom). CD4
ϩ T cells and CD19 ϩ B cells were found to be Ͼ95 and 99% pure, respectively, as assessed by flow cytometry with a FACSCalibur flow cytometer (Becton Dickinson).
Antigens. Salmonella antigens were prepared as described previously (23) . Briefly, an overnight stationary culture of Salmonella strains SL3261 and C5 in LB broth was pelleted, washed once in PBS containing 5 mM EDTA (Sigma), and washed once more in PBS. The bacteria were either heat inactivated (C5/HK bacteria) or sonicated on ice. Cellular debris was removed by centrifugation at 13,000 ϫ g for 20 min. The supernatant was filtered through a 0.22-m-pore-size filter (Sartorius, Epsom, United Kingdom) and stored at Ϫ70°C. Alkali-treated antigen (C5/NaOH) was prepared by the addition of NaOH up to 0.25 M; the mixture was incubated at 37°C for 3 h before it was neutralized with HCl and filtered. The protein concentrations of the antigens were determined by using a bicinchoninic acid kit (Pierce Biochemicals, Rockford, Ill.) according to the manufacturer's instructions.
ICCS. ICCS for IFN-␥ and IL-4 was done with a Cytofix/Cytoperm Plus kit as instructed by the manufacturer (BD PharMingen). Briefly, splenocytes (5 ϫ 10 6 cells/ml) were stimulated with either medium alone, C5/NaOH (10 g/ml), or PMA and ionomycin in the presence of 1 g of anti-CD28 antibody/ml. Brefeldin A (1 l/ml) was added 6 h after the initiation of the culture. Cells were collected 18 h later and stained for surface markers (CD4, CD8, and CD69). Cells were fixed for 30 min, washed, permeabilized for 10 min, washed again, and incubated with anticytokine antibodies (IFN-␥ and IL-4) for 30 min. Cells were washed and analyzed with a FACSCalibur flow cytometer. Cytokine-positive CD4 ϩ cells as well as cytokine-positive T cells that were also positive for the early activation marker CD69 were counted. Presented are the percentages of cytokine-positive cells detected when cultured in the presence of antigens, corrected for background levels measured in the absence of antigens.
ELISPOT assay. Positively selected splenic CD4 ϩ T cells were stimulated as described above in the presence of syngeneic splenic APC for 24 h. Cells were then transferred to ELISPOT 96-well nitrocellulose-based plates (MultiScreen HA; Millipore, Watford, United Kingdom) for a further 24 or 48 h before measurement of the production of IL-4 or IFN-␥, respectively. The IFN-␥ and IL-4 ELISPOT assays were performed as previously described (59) . Briefly, plates were coated with 100 l of capture mouse anti-mouse IFN-␥ or IL-4 MAbs (4 g/ml) in PBS overnight at 4°C. Wells were washed with PBS and saturated with RF10 medium. The CD4 ϩ -T-cell cultures were seeded at serial dilutions (1 ϫ 10 3 to 50 ϫ 10 3 cells/well) overnight in duplicate. The plates were then washed with PBS and incubated with biotinylated anti-IFN-␥ or IL-4 MAbs (1 g/ml) for 2 h at 37°C. The plates were washed several times with PBS, and alkaline phosphatase-labeled ExtrAvidin (1:1,000 dilution; Sigma) was added for 1 h at 37°C. The plates were washed again with PBS and treated with a chromogenic alkaline phosphatase-conjugated substrate (Sigma Fast; Sigma). After 30 min, the plates were washed under running tap water and air dried overnight. Spots were visualized through a dissecting microscope (magnification, ϫ40). Only large spots with fuzzy borders were scored as IFN-␥ or IL-4 spot-forming cells. The data represent the numbers of IFN-␥ or IL-4 spot-forming cells detected per 10 6 cells when cultured in the presence of antigens, corrected for background levels measured in the absence of antigens.
BMM and dendritic cells. Bone marrow-derived macrophages (BMM) were prepared from C57BL/6 mice as described elsewhere (70) . Briefly, bone marrow cells were extracted from femurs and tibias and cultured for 6 days at 3 ϫ 10 5 cells/ml in bacterium-grade petri dishes containing RPMI 1640 supplemented with 10% fetal bovine serum, 5% horse serum (Sigma), 2 mM glutamine, 0.05 
Infection of BMM and CD19
؉ B cells. S. enterica serovar Typhimurium SL3261 and SL3261-GFP were grown overnight as stationary cultures in LB broth at 37°C. BMM (2 ϫ 10 6 cells/well) were grown overnight at 37°C in RF10 medium in six-well plates (Nunc, Roskilde, Denmark). CD19 ϩ B cells isolated from naive or immunized C57BL/6 mice were plated at 2 ϫ 10 6 cells/well and either stimulated overnight with 1 g of S. enterica serovar Typhimurium lipopolysaccharide (LPS) (Sigma)/ml or used on the same day without stimulation. The cells were infected at multiplicities of infection (MOI) of 1:1, 10:1, 50:1, 100:1, 200:1, and 500:1 for 2 or 24 h in the presence or absence of 10 g of cytochalasin D/ml. The number of viable bacteria per cell was assessed by pour plating on LB agar plates after the cells were lysed with 1% Triton X-100 (Sigma) for 5 min at room temperature. Alternatively, FACS analysis was used to monitor B-cell and macrophage infection with S. enterica serovar Typhimurium SL3261-GFP. To examine the upregulation of costimulatory molecules, cells were stained for major histocompatibility complex (MHC) class II (IA and IE), CD80, CD86, and CD40 before and after 2 or 24 h of incubation with S. enterica serovar Typhimurium SL3261 or stimulation with LPS.
Generation of Salmonella-specific CD4 ؉ -T-cell lines and T-cell proliferation assays. Salmonella-specific CD4
ϩ -T-cell lines were generated from mice infected 5 to 8 weeks previously with S. enterica serovar Typhimurium SL3261. Splenocytes were removed and cultured in RF10 medium in the presence of Salmonella C5/NaOH. CD4
ϩ -T-cell lines were maintained by periodic restimulation with mitomycin C-treated (30 min at 37°C) syngeneic spleen cells and Salmonella C5/NaOH (5 g/ml); this step was followed by expansion in recombinant murine IL-2 (5 and 0.5 ng/ml; R&D Systems Europe Ltd., Oxon, United Kingdom). T-cell lines were uniformly CD3 ϩ CD4 ϩ CD8 Ϫ TCR␣␤ ϩ , as confirmed by flow cytometry. The proliferation of CD4 ϩ T cells (10 5 ) was measured by using 96-well plates in the presence of mitomycin C-treated splenocytes (10 5 ), B cells (10 5 ), or BMM (10 3 ) for 72 h at 37°C. APC were either infected with S. enterica serovar Typhimurium SL3261 or incubated with Salmonella antigens (C5/NaOH at 5 g/ml or C5/HK bacteria). DNA synthesis was measured by pulse-labeling triplicate wells for the last 18 h with 0.37 MBq of [ 3 H]thymidine/well (Amersham International, Little Chalfont, United Kingdom). [ 3 H]thymidine incorporation was measured by harvesting on glass-fiber mats with a Tomtek 96-well harvester and counting by liquid scintillation with a Microbeta 1450 counter (Wallac, Perkin-Elmer). Results of proliferation assays are given as a stimulation index (SI) (experimental counts per minute divided by background counts per minute), and responses were considered positive when the SI was Ͼ3.
Statistical analysis. Student's t test was used to determine the significance of differences between control and experimental groups, and differences were considered significant for P values of Ͻ0.05.
RESULTS

B-cell-deficient mice show reduced IFN-␥ production from CD4
؉ and CD8 ؉ T cells after Salmonella infection. IFN-␥ is the prototype Th1 cytokine and plays a central role in protective immunity against Salmonella infection in mice (51) . It was previously shown that CD4 ϩ T cells from Igh-6 Ϫ/Ϫ mice 3.5 months postimmunization have an impaired ability to produce Th1 cytokines in response to in vitro stimulation with Salmonella antigens (44) . To evaluate whether this impairment was due either to deficient initiation or to deficient persistence of T-cell immunity, we compared the kinetics of the development of Th1 immune responses in Igh-6 Ϫ/Ϫ and C57BL/6 mice in Salmonella infection. For ICCS, the expression of CD69, an early activation marker, was used as a marker for antigenspecific IFN-␥-producing cells (60, 61) .
During the first week of infection, there was no difference in the frequency of IFN-␥-secreting CD4 ϩ T cells between Igh-6 Ϫ/Ϫ and C57BL/6 mice after in vitro stimulation with Salmonella C5/NaOH, as measured by an ELISPOT assay (Fig. 1A) . This observation was confirmed when intracellular IFN-␥ expression in CD4 ϩ T cells after in vitro stimulation with Salmonella C5/NaOH was measured (Fig. 1B) . A similar pattern was also seen when the percentage of cells positive for both IFN-␥ and CD69 was analyzed (Fig. 1C) . However, the frequency of CD8 ϩ T cells positive for both IFN-␥ and CD69 was already lower in the first week of infection in Igh-6 Ϫ/Ϫ mice than in C57BL/6 mice (P Ͻ 0.05) (Fig. 1D) . We measured IFN-␥ production 3, 5, and 15 weeks after infection in Igh-6 Ϫ/Ϫ and C57BL/6 mice. As shown in Fig. 1 , the production of IFN-␥ by CD4 ϩ (Fig. 1A to C) and CD8 ϩ (Fig. 1D) T cells was lower in Igh-6 Ϫ/Ϫ mice than in C57BL/6 control mice throughout the infection. CD4 ϩ and CD8 ϩ T cells from naive Igh-6 Ϫ/Ϫ and C57BL/6 mice did not produce any IFN-␥ after in vitro stimulation with Salmonella C5/NaOH, suggesting that the IFN-␥ production seen in infected animals was antigen specific. Furthermore, CD4
ϩ and CD8 ϩ T cells from uninfected Igh-6 Ϫ/Ϫ mice and C57BL/6 control mice produced similar levels of IFN-␥ in response to polyclonal stimulation with PMA and ionomycin (data not shown), suggesting that T cells from Igh-6 Ϫ/Ϫ mice have the same intrinsic capacity to produce IFN-␥ as do T cells from C57BL/6 mice. However, T cells from infected Igh-6 Ϫ/Ϫ mice produced lower levels of IFN-␥ than did cells from C57BL/6 mice after stimulation with PMA and ionomycin (data not shown). This difference disappeared once the infection was cleared.
These results show that B cells play a role in the development of Th1 T-cell responses from the early stage of a Salmonella infection.
B-cell-deficient mice show increased IL-4 production from T cells early after Salmonella infection. We analyzed the production of IL-4 by CD4 ϩ and CD8 ϩ T cells after 1, 3, 5, and 15 weeks of infection with Salmonella in Igh-6 Ϫ/Ϫ and C57BL/6 mice. Naive Igh-6 Ϫ/Ϫ and C57BL/6 mice showed similar, low levels of IL-4 production in response to in vitro stimulation with Salmonella C5/NaOH (Fig. 2) or PMA and ionomycin (data not shown). However, at 1 week after infection with S. enterica serovar Typhimurium, CD4 ϩ T cells from Igh-6 Ϫ/Ϫ mice showed higher levels of IL-4 production than did CD4 ϩ T cells from C57BL/6 mice (P Ͻ 0.05) ( Fig. 2A and B) . This difference in IL-4 production by CD4 ϩ T cells in Igh-6 Ϫ/Ϫ and C57BL/6 mice was even more pronounced at 3 weeks after infection, as measured by ICCS (P Ͻ 0.01) (Fig. 2B) . Using the ELISPOT assay, we were unable to detect differences in the production of IL-4 by CD4 ϩ T cells at 3 weeks postinfection (Fig. 2A) ; this finding might reflect a difference in sensitivity between the two techniques. In contrast, elevated levels of IL-4 were observed in CD8 ϩ T cells (P Ͻ 0.01) from Igh-6 Ϫ/Ϫ mice at 3 weeks but not 1 week postinfection (Fig. 2C) . The levels of IL-4 produced at later time points (5 and 15 weeks) of infection were similar in Igh-6 Ϫ/Ϫ and C57BL/6 mice. Polyclonal stimulation with PMA and ionomycin induced higher levels of production of IL-4 by CD4 ϩ T cells but not CD8 ϩ T cells in Igh-6 Ϫ/Ϫ mice compared with C57BL/6 mice after Salmonella infection (data not shown).
Taken together, these results show that Igh-6 Ϫ/Ϫ mice produce higher levels of IL-4 transiently early in infection with S. enterica serovar Typhimurium than do C57BL/6 mice. These results, coupled with the reduced IFN-␥ production in Igh-6 Ϫ/Ϫ mice, show that the early T-cell response is transiently skewed toward Th2 cytokine production.
Expression of costimulatory molecules on B cells. To determine whether incubation with S. enterica serovar Typhimurium SL3261 affected the B-cell expression of costimulatory molecules, we measured the levels of CD80 (B7.1), CD86 (B7.2), MHC class II (IA and IE), and CD40 on B cells before and after incubation either with live S. enterica serovar Typhimurium SL3261 at different MOI or with LPS. Incubation with S. enterica serovar Typhimurium SL3261 at an MOI of 1:1 for 2 h had the most dramatic effect on CD86 molecule expression. At a later time point of infection (24 h) and at different MOI, the effects of Salmonella and LPS on the upregulation of CD86 were less pronounced (data not shown).
After 2 h of incubation with 10 g of LPS/ml (data not shown) or S. enterica serovar Typhimurium SL3261 at an MOI of 1:1, only CD86 expression was upregulated on B cells (Fig.  3) , whereas constitutive CD80 (Fig. 3 ) and CD40 (data not shown) expression remained unchanged. B cells expressed MHC class II (IA and IE) constitutively, and the levels of MHC class II expression did not increase after stimulation (data not shown).
To investigate whether the in vivo status had an effect on the upregulation of surface molecules in vitro, B cells isolated from naive mice or mice that had been immunized 2 weeks or 3 months previously were incubated for 2 h with S. enterica Figure 3 shows that the B-cell surface expression of CD86 was upregulated after stimulation with live S. enterica serovar Typhimurium on naive B cells and resting B cells taken from mice immunized 3 months previously ( Fig. 3D and F) . In contrast, B cells taken 2 weeks after immunization showed high levels of CD86 with no further increase after in vitro stimulation with S. enterica serovar Typhimurium (Fig. 3E ). In addition, there were no detectable changes in CD80 expression under any of the experimental conditions described above (Fig. 3A to C) . These results indicate that S. enterica serovar Typhimurium can induce upregulation of the costimulatory molecule CD86 on B cells both in vitro and in vivo.
Infection of B cells with S. enterica serovar Typhimurium. We further investigated whether B cells can be infected with Salmonella in vitro and serve as a source of APCs for Salmonella-specific CD4 ϩ -T-cell lines. B cells and BMM were infected with S. enterica serovar Typhimurium SL3261, and the infection was tested by FACS analysis (Fig. 4A ) and by pour plating on LB agar plates ( (Fig. 4A) . In contrast, only 0.02% of naive B cells and 1.5% of B cells isolated from mice that had been immunized 2 weeks earlier contained internal S. enterica serovar Typhimurium SL3261-GFP at the same MOI (50:1) for 2 h (Fig. 4A) , indicating that naive B cells and B cells early after Salmonella infection were refractory to infection by Salmonella. However, B cells from mice that had been immunized 3 months earlier were more readily infected (7%) with S. enterica serovar Typhimurium SL3261-GFP (Fig. 4A) , suggesting a better ability of antigen-specific B cells to associate with Salmonella.
Intracellular viable bacteria were found in both infected B cells and BMM. However, considerably higher bacterial numbers were present in BMM than in B cells (Fig. 4B) .
Antigen presentation. In order to determine whether B cells can present Salmonella antigens to Salmonella-specific CD4 ϩ -T-cell lines, we compared the antigen presentation ability of B cells from naive mice or mice that had been immunized with Salmonella either for 2 weeks or for 3 months with that of splenocytes or BMM. Proliferation was measured with a standard 72-h [ 3 H]thymidine incorporation assay in the presence of either soluble (C5/NaOH) or heat-killed (C5/HK) Salmonella antigen. There was no significant difference between B cells from naive and immune mice and splenic APC (P Ͼ 0.05) in the ability to present soluble antigen; BMM induced the highest level of proliferation of Salmonella-specific CD4 ϩ -T-cell lines (Fig. 5A) . Furthermore, both splenic APC and BMM were competent in presenting heat-killed antigen (Fig. 5B) . In contrast, B cells taken from mice immunized 3 months earlier had a better ability to present particulate antigens to Salmonella-specific CD4 ϩ T cells than did B cells taken from naive mice (P Ͻ 0.01) or from mice immunized 2 weeks earlier (P Ͻ 0.01) (Fig. 5B) .
B cells from naive and immunized animals as well as BMM were also tested for their ability to present Salmonella antigens and elicit proliferative responses from Salmonella-specific CD4 ϩ -T-cell lines after in vitro exposure to S. enterica serovar Typhimurium. S. enterica serovar Typhimurium SL3261-infected BMM were more efficient at inducing Salmonella-specific CD4
ϩ -T-cell proliferative responses than were B cells (Fig. 5C ). As shown in Fig. 4 , B cells from naive mice and B cells from mice immunized for 2 weeks could not internalize live Salmonella and, as expected, did not present antigens from live bacteria (Fig. 5C ). However, B cells from animals immunized for 3 months had a better ability to present Salmonella antigens than did B cells from naive mice (P Ͻ 0.01) or from mice immunized for 2 weeks (P Ͻ 0.05) (Fig. 5C ).
Taken together, these results suggest that B cells can act as APC for Salmonella-specific CD4 ϩ -T-cell lines. However, only B cells obtained from mice immunized 3 months earlier are capable of presenting both soluble and particulate antigens.
B-cell depletion decreases the ability of spleen cells to present Salmonella antigens to T cells. We assessed the ability of B cells and splenocytes from C57BL/6 and Igh-6 Ϫ/Ϫ mice to present Salmonella antigens to T cells. As shown in Fig. 6A , splenocytes isolated from C57BL/6 mice have a significantly better ability to present Salmonella antigens to Salmonellaspecific CD4
ϩ -T-cell lines than do splenocytes isolated from Igh-6 Ϫ/Ϫ mice (P Ͻ 0.05) or B-cell-depleted splenocytes isolated from C57BL/6 mice (P Ͻ 0.05). However, there was no significant difference in antigen presentation ability between whole Igh-6 Ϫ/Ϫ splenocytes and B-cell-depleted C57BL/6 splenocytes, indicating that B cells represent an important APC subpopulation within the spleen. FACS staining of C57BL/6 and Igh-6 Ϫ/Ϫ splenocytes revealed no difference in the proportions of CD11b ϩ CD11c Ϫ cells, CD11b ϩ CD11c ϩ cells, and Ly6C ϩ cells within the spleen (data not shown). We also investigated whether other APC subpopulations (macrophages and dendritic cells) from Igh-6 Ϫ/Ϫ mice have detectable intrinsic abnormalities in antigen presentation. BMM or BMDC isolated from C57BL/6 and Igh-6 Ϫ/Ϫ mice showed no differences in the ability to present Salmonella antigens to Salmonella-specific CD4 ϩ -T-cell lines ( Fig. 6B and C) . Moreover, after Salmonella antigen stimulation, there were no differences in the expression of MHC class II, CD40, CD80, and CD86 molecules on BMM or BMDC isolated from C57BL/6 and Igh-6 Ϫ/Ϫ mice (data not shown). Taken together, these data show that the absence of B cells is sufficient to reduce T-cell responses to Salmonella antigens in the spleens of Igh-6 Ϫ/Ϫ mice.
DISCUSSION
In mice, targeted mutation of the -chain gene causes a failure of B-cell maturation that leads to the absence of peripheral B cells (32) . The use of B-cell-deficient mice allowed us to analyze the need for B cells in the development and persistence of T-cell-mediated immune responses against Salmonella infection. The most important finding in this study was the impairment of the development of the Th1 T-cell response to Salmonella that was detected in B-cell-deficient mice early after infection. We also observed transient upregulation of the Th2 cytokine IL-4 early after infection. We further showed that B cells upregulate CD86 in response to Salmonella and present Salmonella antigens to Salmonella-specific CD4 ϩ T cells. Thus, our results show that B cells are important for the development of T-cell responses in the early stage of a Salmonella infection. It is possible that this effect is achieved through antigen presentation to activated T cells.
It was previously shown that CD4 ϩ T cells from Igh-6 Ϫ/Ϫ mice 3.5 months postimmunization have an impaired ability to produce Th1 cytokines in response to in vitro stimulation with Salmonella antigens (44) . However, it was unclear whether this impairment of T-cell responses was due to the inadequate initiation of T-cell immunity or to the inability of the mice to maintain a memory response in the absence of B cells. We analyzed the kinetics of the development of Th1 immune responses in B-cell-deficient Igh-6 Ϫ/Ϫ and C57BL/6 control mice. In the first week of infection, few CD4 ϩ and CD8 ϩ T cells from both Igh-6 Ϫ/Ϫ and C57BL/6 mice were IFN-␥-producing cells, possibly because of the suppression of immune responses in the early phase of a Salmonella infection (13) . Furthermore, at 3 weeks after infection, we found high frequencies of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells in C57BL/6 mice, consistent with the finding that T-cell responses to Salmonella peak at about 3 to 4 weeks of infection (52; unpublished observations). The frequency of IFN-␥-producing T cells was at least three-to fivefold higher in C57BL/6 mice than in Igh-6 Ϫ/Ϫ mice and remained elevated during the course of the infection. These data indicate that B cells are important for the induction of protective IFN-␥ T-cell responses in the early phase of a Salmonella infection. We also observed a transient enhancement of IL-4 production in Igh-6 Ϫ/Ϫ mice early in infection; this effect might have been a consequence of the low levels of
FIG. 5. Responses of Salmonella-specific CD4
ϩ -T-cell lines to Salmonella antigens presented by B cells. CD19 ϩ B cells were isolated from naive mice and from mice sacrificed 2 weeks or 3 months after immunization with S. enterica serovar Typhimurium SL3261. B cells were pulsed with soluble Salmonella C5/NaOH (A) or heat-killed particulate Salmonella C5/HK (B) or infected with live S. enterica serovar Typhimurium SL3261 (C). Their ability to present Salmonella antigens was compared with that of splenocytes and BMM. In all experiments, the proliferation of Salmonella-specific CD4 ϩ -T-cell lines was measured as described in Materials and Methods. Proliferation was considered positive when the SI was Ͼ3. A single asterisk denotes a P value of Ͻ0.05; double asterisks denote a P value of Ͻ0.01. The results presented here are representative of three different CD4
ϩ -T-cell lines tested in at least two independent experiments and are shown as averages and standard deviations. mice and C57BL/6 mice, as the bacterial counts were comparable in Igh-6 Ϫ/Ϫ mice and C57BL/6 mice at 24 h after infection with S. enterica serovar Typhimurium SL3261 (44) . Therefore, B cells may be required within the first weeks of a Salmonella infection to amplify T-cell immune responses. Further engagement of the B-cell receptor by antigen (7, 36) or ligation of CD40 by the CD40 ligand (CD154) that is expressed on activated T cells (19, 20) would rapidly elicit the expression of CD86 on B cells, an effect which would enable them to further amplify T-cell responses. Thus, although T cells may first encounter antigen presented on dendritic cells, shortly after a response is under way, B cells could become competent APC. Furthermore, as antigen-specific B cells proliferate, a bias toward the usage of B cells as APC by the expanding T-cell population in the presence of limiting numbers of dendritic cells would occur, providing a means to sustain the further proliferation of both T cells and B cells engaged in the response.
We further investigated whether different populations of B cells can capture Salmonella and present its antigens to Salmonella-specific CD4 ϩ -T-cell lines. We showed that only B cells from mice immunized 3 months earlier could be infected in vitro with S. enterica serovar Typhimurium; it was not possible to infect B cells from naive animals. The percentage of infected B cells was much lower than that of BMM. We demonstrated that only B cells from animals immunized with S. enterica serovar Typhimurium for 3 months could present in vitro both soluble and particulate antigens to Salmonella-specific CD4
ϩ -T-cell lines. These effects may depend on the presence of antigen-specific cells and may suggest higher numbers of antigen-specific cells that are capable of capturing and presenting antigens after 3 months of immunization.
It is still unclear how early T-cell immune responses to Salmonella can be affected by B cells if naive B cells cannot process and present whole bacteria. An intriguing possibility is that B cells access a source of nonparticulate antigen early in infection. In fact, it is well established that follicular dendritic cells can present antigen to activated B cells and evolving memory cells in germinal centers. It was recently shown that B cells can acquire antigen from dendritic cells after synapse formation (2, 11) . Indeed, it is possible that in vivo naive B cells acquire antigen from other APC and further induce priming and clonal expansion of T cells. B cells that express antibodies specific for an antigen are highly efficient in the presentation of that antigen to T cells, and the binding of the antigen to its receptor on B cells signals functional changes in the class II presentation pathway (10) . After in vivo antigen stimulation, activated B cells are present in higher numbers than are dendritic cells and macrophages, making them the choice candidate for interactions with T cells. Presentation of antigen to T cells could induce differentiation and diversification of these cells into effector T cells and even bias the differentiation of Th1 or Th2 CD4 ϩ effector T cells through specific cytokine production (22) .
It has been reported that the T-cell response is impaired in several bacterial and viral infections (3, 33, 35, 47, 69) in the absence of B cells. An absolute requirement for B cells as APC also has been reported for some autoimmune disease models (16, 57, 58) but not all of them (17, 68) . These differences might be due to the nature of the immunizing antigen, i.e., peptide antigen versus whole proteins (39) , and the pathogen. Microorganisms, unlike peptide antigens, can activate immunocompetent cells through a variety of pattern recognition receptors (49) , resulting in different requirements for the presence of B cells.
In summary, our results provide evidence that B cells are essential for both the initiation and the development of protective Th1 cytokine production after S. enterica serovar Typhimurium infection. Studies demonstrating that antigendriven selection of T cells with high-affinity T-cell receptors, which comprise the persistent memory pool, is completed within 24 h of primary infection (48) and studies showing that the transfer of B cells restores T-cell function and memory development (37, 38) are in line with our findings that B cells are important in the initial phase of the immune response. However, it is still unclear from this study whether B cells also are involved in the maintenance of T-cell memory in Salmonella infection and/or the modulation of the immune response via some other mechanism, such as (i) antibody modulation of antigen presentation, (ii) modulation of antigen presentation by a component(s) of the complement cascade, or (iii) targeting of bacterial antigens to specific compartments within lymphoid tissues. These possibilities are presently under investigation.
